1. Introduction {#sec0005}
===============

The management of municipal solid waste is one of the major concerns of the governments on the future of these wastes. Among the existing solutions to solve this problem, we find the centers of terrestrial landfill [@bib0005], incineration [@bib0010], recycling [@bib0015] and others. But these methods are insufficient due to their average yield or their high cost.

Currently the scientists and the researchers focus on adsorbents for low cost and do not harm the environment, like those of the biomass. Indeed, it would be very interesting if we can use these household wastes as a source of depollution of surface waters. In literature, many biosorbents were used to removal different types of pollutants, such as, heavy metals [@bib0020], dyes [@bib0025], pesticides [@bib0030], [@bib0035] and pharmaceuticals [@bib0040]. Among the biomass used to eliminate the dyes in aqueous medium, we cite fungal biomass [@bib0045], fly ash of plant [@bib0050], activated sludge biomass [@bib0055] and Nostoc linckia biomass [@bib0060]. Generally the biosorbents resulting from household wastes are formed essentially by a single compound. Among of these biosorbents are banana peel [@bib0065], [@bib0070], olive pits [@bib0075], orange peel [@bib0080] and tea waste [@bib0085]. So the particularity of our bio sorbent it includes all these various compounds and others simultaneously.

In this context, we applied in the present work a biosorbent from municipal solid waste (MSW) of the Mostaganem city (Algeria) to eliminate a textile dye from aqueous solution. These household wastes were used without the presence of the plastic, paper, metals and glass, i.e., that these wastes contain only the biodegradable matter. After treatment and preparation of the biomass, we have tried to remove from aqueous solution, the yellow procion MX-3R reactive dye, which is a rejection of the textile industry by adsorption. The influence of pH, contact time and temperature were studied. The Freundlich, Langmuir and Langmuir--Freundlich models were applied to describe the adsorption isotherms. The order of the adsorption reaction was evaluated by kinetic study and at the end the thermodynamic parameters were calculated to determine the heats of adsorption of the MX-3R by MSW biomass.

2. Methods and materials {#sec0010}
========================

2.1. Preparation of adsorbent {#sec0015}
-----------------------------

The adsorbent is original of the municipal solid wastes (MSW), specially the biodegradable matter. These wastes are recuperated from household of the Mostaganem city (Algeria). The preparation steps of the adsorbent were as follows: MSW were dried in air for three days, washed several times with distilled water, dried at 100 °C, overnight, crushed and sieved at 200 μm. The resulting material was used without any further treatment in the adsorption experience.

2.2. Characteristics and characterization of the biomass {#sec0020}
--------------------------------------------------------

The biomass characteristics measured are acidity, pH~(PZC)~, the total nitrogen, the volatile matter, the ash rate and the conductivity. The acidity was measured as follow: 1 g of the sample was added to 10 mL of calcium chloride (CaCl~2~) solution at 0.01 M under agitation for 10 min and allowing the solution stand for two hours before taking the pH value. The total nitrogen was determined according to the Kjeldahl method [@bib0090].

The zero charge point was measured as follow: a series of 20 mL of 0.01 M KNO~3~ solution was placed in a closed Erlenmeyer flask. The pH was adjusted in range between 2 and 10 by addition of 1 M HCl or 1 M NaOH solutions. Then 0.1 g of each biomass sample was added and agitated for 24 h under atmospheric conditions. When the final pH was determined, we plotted ΔpH (final pH--initial pH) versus the initial pH. The pH~(PZC)~ is the point where the curve ΔpH versus pH initial crosses the line zero [@bib0095] ([Fig. 1](#fig0005){ref-type="fig"}). The volatile matter and the amount of ash were calculated according to the calcinations method [@bib0100]. This method is based on heating of the biomass at 823 K for 2 h. The sample was weighed before and after calcination, the mass difference is the percentage of the volatile matter (VM). The ash content was calculated according to this relation: % Ash = 100-% VM. The conductivity was measured after addition of 1 g of the sample with 20 mL of distilled water under agitation for 10 min. The results of analyses are resumed in [Table 1](#tbl0005){ref-type="table"}.Fig. 1Determination of PZC point.Table 1Characteristics of biomass.Sample*N* (%)AciditypH ~PZC~Conductivity (μS/cm)V.M. (%)Ash (%)MSW0.6024.706.52.0791.248.76[^1]

The scanning electron microscopy (SEM) images were taken on a JEOL JSM 6360 with acceleration voltage of 20 kV. The spectrum of FT-IR was performed with Spectrometer Agilent Cary 630 in range of 4000--500 cm^−1^.

2.3. Adsorbate {#sec0025}
--------------

The dye yellow procion MX-3R was obtained from the SOITEX textile Society, Tlemcen, Algeria. The dye synonym is C.I. Reactive Orange 86 has a chemical formula of C~20~H~16~N~8~S~3~Cl~2~O~10~. Its molecular weight is 695 g/mol and has greater solubility in water. The chemical structure of the dye molecule is shown in [Fig. 2](#fig0010){ref-type="fig"}. The MX-3R stock solution (1000 mg/L) was prepared by dissolving accurately weighed amount of the dye in distilled water.Fig. 2Molecular structure of MX-3R.

2.4. Adsorption experiment {#sec0030}
--------------------------

MX-3R solution was prepared in the range of initial concentrations 50--150 mg/L. For each experiment, 20 mL of dye solution was added to 50 mg of the biomass. The suspensions were shaken at room temperature (20 ± 2 °C) for 3 h. The pH was adjusted in range of 2--3 by addition of 1 M HCl solution. When adsorption procedure completed, the mixture was centrifuged at 4000 rpm to get supernatant liquid. Residual concentrations of MX-3R were detected using VIS spectrophotometer (VIS 7220 G, Biotech., Engineering Management) at the *λ*~max~ = 410 nm. The dye concentration retained by the adsorbent phase was calculated using the following equation: $$q_{e} = \left( {C_{0} - C_{e}} \right)\frac{V}{m}$$where *q~e~* is the equilibrium adsorption capacity (mg/g), *C*~0~ and *C~e~* the initial and the equilibrium dye concentration (mg/L), respectively, *V* is the volume (L) of solution containing adsorbate and *m* is the mass (g) of the adsorbent.

3. Results and discussion {#sec0035}
=========================

3.1. Results of biomass characteristics {#sec0040}
---------------------------------------

The results have shown that the biomass contains a significant amount of carbon compared to that of Ash because the amount of volatile matter is great in MSW sample. This means that the biomass contains very low amounts of mineral matter. We note also a weak percentage of nitrogen in our household. These results are in accordance with the results published by Liu et al. [@bib0105] and San Miguel et al. [@bib0110].

3.2. Characterization results {#sec0045}
-----------------------------

The FT-IR analysis shows the functional groups existing in the biomass ([Fig. 3](#fig0015){ref-type="fig"}). The peak that appeared at 3290 cm^−1^ is assigned to O---H stretching vibration of hydroxyl function. The band at 2850 cm^−1^ is attributed to C---H stretching, the peak at 2100 cm^−1^ indicates the presence of C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O stretching, at 1610 cm^−1^ indicates stretching of CC or aromatic-oxygen bond and the peak around 1500 cm^−1^ is attributed to the presence of highly conjugated C---O in quinone/carbonyl structure [@bib0115], [@bib0120], [@bib0125]. The peak at 1300 cm^−1^ may be due to the OH bending vibration indicating the presence of phenolic group. The bands at 1150 and 1010 cm^−1^ are may be attributed to the plane bending of aromatic C---H bond and to C---O structures, respectively [@bib0130].Fig. 3FTIR spectra of biomass.

The SEM images observed in [Fig. 4](#fig0020){ref-type="fig"} show, that the particles of the biomass have the irregular forms and different sizes. We see also that the surface morphology is not homogenous with existence of some pores. These micrographs are in agreement with those of Rajamma et al. [@bib0135] and Gautam et al. [@bib0140], who worked on alkali activation of biomass fly ash and activated *ficus* fruit, respectively.Fig. 4SEM micrographs of biomass.

3.3. Adsorption of MX-3R by biosorbent {#sec0050}
--------------------------------------

### 3.3.1. Effect of pH {#sec0055}

In this study we follow the evolution of pH with the adsorption of dye by the prepared biomass samples, for initial concentration about 50 mg/L. The [Fig. 5](#fig0025){ref-type="fig"} shows that the adsorption of MX-3R onto biomass is most important in acid medium. There is a significant decrease in the amount adsorbed of dye in range pH of 3--5. The maximum adsorbed amount *Q*~adsmax~ is between pH 2 and 3. According to the theory, the surface of the adsorbent will be negatively charged above pH~(PZC)~ and positively charged below pH~(PZC)~. The zero point charge of the MSW biomass was found to occur at the pH of 6.5. According to the chemical structure ([Fig. 2](#fig0010){ref-type="fig"}) of MX-3R, the dye is anionic, thus it tends to be adsorbed at the surface solid which is positively charged in the acid medium. So in the range of the pH 2--3 they are more attractive forces between the dye and our sample. For the rest of adsorption experiments we work at the pH between 2 and 3.Fig. 5Effect of pH.

### 3.3.2. Effect of contact time {#sec0060}

To determine the optimum contact time and to study the adsorption kinetic of MX-3R on biosorbent, we prepared a series of samples in the time range 5--60 min. The concentration of dye was fixed at 100 mg/L in 20 mL volume of solution, into which 0.05 g of material was added. [Fig. 6](#fig0030){ref-type="fig"} shows that the dye adsorption increased with the evolution of the contact time, and over 85% of removal MX-3R was achieved by the biomass in 30 min. The removal rate of MX-3R was very rapid during early stage of the adsorption process. The MX-3R uptake rate became slower over time and reached equilibrium value at about 40 min.Fig. 6Effect of contact time.

### 3.3.3. Adsorption isotherms {#sec0065}

The adsorption isotherms were obtained at different initial concentrations during 1 h at three different temperatures. The isotherms are formed by plot adsorbed amounts of the dye versus equilibrium concentrations. [Fig. 7](#fig0035){ref-type="fig"} shows the adsorption of MX-3R by the MSW adsorbent at different temperatures.Fig. 7Isotherm adsorption.

This figure indicates that the adsorbed amount of MX-3R onto MSW material at room temperature increases in parallel with the equilibrium concentrations. Using the classification of Giles et al. [@bib0145], the experimental isotherm obtained is of type L (Langmuir isotherm). This type of isotherm suggests a gradual saturation of the solid. Langmuir isotherms are used to explain the chemical interactions and/or physical (or both) between the adsorbate and the adsorbent. The maximum of reactive dye adsorbed amount is registered to 45.84 mg/g.

The adsorption of MX-3R by biomass at temperature 303 and 313 K was examined. The adsorption capacities slightly decrease with increased temperature. The amounts adsorbed of dye at 303 and 313 K are 40.9 and 36.64 mg/g, respectively. For comparison, the adsorption capacity of the dyes by the minerals adsorbents increases according to the temperature, but it decreases in the case of the biomass [@bib0150].

### 3.3.4. Models fitting {#sec0070}

In this study, the adsorption equilibrium data were fitted by three isotherm equations including, Langmuir and Freundlich as two-parameter isotherms and Langmuir--Freundlich as three-parameter isotherm. The correlation coefficient *R*^2^, is used as criterion for fitting isotherm equations.

#### 3.3.4.1. Langmuir and Freundlich {#sec0075}

The Langmuir sorption isotherm has been widely used to characterize the adsorption phenomena from solution. The form of Langmuir isotherm can be represented by the following equation [@bib0155], [@bib0160]: $$q_{e} = Q_{0} \times \frac{K_{L}C_{e}}{1 + K_{L}C_{e}}$$Eq. [(2)](#eq0010){ref-type="disp-formula"} can be represented by linear form: $$\frac{C_{e}}{q_{e}} = \frac{C_{e}}{Q_{0}} + \frac{1}{K_{L}Q_{0}}$$where *Q*~0~ is the maximum adsorption capacity (mg/g), and *K*~L~ (L/mg) is a constant relating to the heat of adsorption.

Freundlich isotherm can be represents properly the sorption data at low and intermediate concentrations on heterogeneous surfaces [@bib0165]. The model is expressed as the form bellow: $$q_{e} = K_{\text{F}}{C_{e}}^{1/n}$$Eq. [(4)](#eq0020){ref-type="disp-formula"} can be expressed in the linear form: $$\text{log}q_{e} = \text{log}K_{F} + \frac{1}{n}\log C_{e}$$where *K*~F~ and *n* are the Freundlich constants, indicating the capacity and intensity of adsorption, respectively.

We applied the Langmuir and Freundlich models to fitting adsorption equilibrium data at different temperatures, and we found that the results which were not mathematically consistent with samples at 303 and 313 K, were considered to be insignificant in terms of adsorption. Therefore, they have not been presented here. However, the Langmuir model represented the adsorption data at room temperature better than the Feundlich model, and the obtained parameters of linearization are given in [Table 2](#tbl0010){ref-type="table"}. The values of correlation coefficient *R*^2^, are close to unit, proving good fitting of the experimental results by this model. According to the Langmuir theory, the multilayer formation on the adsorbent surface cannot be possible and the sites are homogeneous with same fixation energies. The maximal adsorbed amount of the dye was found by Langmuir equation equal to 54.47 mg/g, it is higher than the value of adsorbed equilibrium amount. Russo et al. [@bib0045] were had the same conclusions about the adsorption of acid blue 62 and acid red 266 by the fungal biomass.Table 2Isotherms constants.ModelConstantsLangmuir*Q*~0~ (mg/g)54.47 ± 0.0020*K*~L~ (L/mg)0.124 ± 0.0351*R*^2^0.967 ± 0.0022  Freundlich*n*2.30 ± 0.127*K*~F~ (mg/g(L/mg) ^1/n^)11.06 ± 1.376*R*^2^0.795 ± 0.041  Langmuir--Freundlich*Q~m~* (mg/g)45.82 ± 3.0286*K*~LF~ (L/mg) ^1/n^0.180 ± 0.0148*n*2.429 ± 0.7712*R*^2^0.988 ± 0.0272

#### 3.3.4.2. Langmuir--Freundlich {#sec0080}

The Langmuir--Freundlich model was used for the mathematical description of the adsorption equilibrium data of MX-3R onto MSW sorbent. This isotherm equation includes three adjustable empirical parameters and it is necessary to apply nonlinear least-squares (NLLS) method to fit the experimental data. The Langmuir--Freundlich isotherm is given in the following equation [@bib0170]: $$q_{e} = Q_{m}\frac{K_{\text{LF}}{(C_{e})}^{1/n}}{1 + K_{\text{LF}}{(C_{e})}^{1/n}}$$where *K*~LF~ ((L/mg)^1/*n*^) is the equilibrium constant, *Q~m~* is the maximal adsorbed amount (mg/g) and *n* is heterogeneity factor.

It is obvious that the regression coefficient of fitting by the Langmuir--Freundlich equation, listed in [Table 2](#tbl0010){ref-type="table"}, are higher than the individual Langmuir equation. The adsorption capacity of the biomass adsorbent at saturation from Langmuir--Freundlich isotherm was 45.82 mg/g, it is almost equal than the adsorbed equilibrium amount. As seen the Langmuir--Freundlich equation provides a very satisfactory description of dye on the biomass.

### 3.3.5. Adsorption kinetic {#sec0085}

To evaluate the adsorption rate, the adsorption kinetic was examined by the models pseudo first-order, pseudo second-order and intra-particle diffusion. The results obtained are listed in [Table 3](#tbl0015){ref-type="table"}. The linear form of pseudo-first order rate equation is given by [@bib0175], [@bib0180]: $$\ln\left( {q_{e} - q_{t}} \right) = \ln q_{e} - k_{1}t$$where *q~t~* is the amount adsorbed (mg/g) at time *t*, *k*~1~ is the rate constant (min^−1^). The value of *k*~1~ was calculated by plots ln (*q~e~*--*q~t~*) versus *t* from different concentrations.Table 3Constants rate of the adsorption of MX-3R by biomass.ModelConstantsPseudo-first order*q~e~* (mg/g)41.85 ± 1.387*K*~1~ (min^−1^)0.108 ± 0.012*R*^2^0.936 ± 0.218  Pseudo-second order*q~e~* (mg/g)39.52 ± 0.0077*K*~2~ (g/mg min)0.004 ± 0.0001*R*^2^0.993 ± 0.0016  Intra-particle*K*~int~ (mg/g min^0.5^)2.729 ± 0.204*R*^2^0.968 ± 0.089

The pseudo second-order kinetic model equation is expressed as follows [@bib0035], [@bib0185]: $$\frac{t}{q_{t}} = \frac{1}{k_{2}q_{e}^{2}} + \frac{t}{q_{e}}$$where *k*~2~ is the rate constant of the pseudo second-order model for the adsorption process (g/mg min). The rate parameters were calculated by plots of *t*/*q~t~* versus *t* for the adsorption of MX-3R onto biomass.

We see that the correlation coefficient for pseudo second-order is almost equal to unit (0.993). So, for the both models, the constant rate of the adsorption of MX-3R on biosorbent is better presented by pseudo second-order.

#### 3.3.5.1. Intra-particle diffusion model {#sec0090}

Several steps are involved in the sorption of adsorbate by a sorbent. These involve transport of the solute molecules from the aqueous phase to the surface of the solid articulates and diffusion of the solute molecules into the interior of the pores, which is usually a slow process. The intra-particle diffusion rate constant (*k*~int~) is given by the following equation [@bib0190]: $$q_{t} = K_{\text{int}}t^{1/2} + C$$where *K*~int~ is intra-particle rate constant (mg/g min^1/2^) and *C* is the boundary layer thickness.

If the rate limiting step is intra-particle diffusion, a plot of solute sorbed against square root of contact time should yield a straight line passing through the origin [@bib0190]. Numerous researchers have found that this equation described the kinetic of sorption of dye in biosorbents [@bib0195]. In [Fig. 8](#fig0040){ref-type="fig"}, it is clear that the curve is a straight line with high regression coefficient equal to 0.968, but the line does not passing through the origin because the value of the constant *C* which is the intercept point is different to zero and equal to 15.92. That means the pore diffusion was not the only controlling step. The correlation coefficient for the pseudo second-order kinetic model are higher than those for the intra-particle diffusion model ([Table 3](#tbl0015){ref-type="table"}), suggesting a chemical reaction mechanism [@bib0200], [@bib0205]. Similar results have been reported in the literature [@bib0210], [@bib0215].Fig. 8Isotherms adsorption at 303 and 313 K.

### 3.3.6. Thermodynamic study {#sec0095}

The objective of thermodynamic study is to calculate the heats adsorption of reactive dye MX-3R onto MSW biomass. For this we carried out the reaction of adsorption at 293, 303 and 313 K, by using the following equation [@bib0220], [@bib0225]: $$\ln K_{d} = \frac{\Delta S^{0}}{R} - \frac{\Delta H^{0}}{RT}$$ $$\text{and}K_{d} = \frac{q_{e}}{C_{e}}\text{.}$$where Δ*H°*, Δ*S°*, and *T* are the adsorption enthalpy, entropy and temperature in Kelvin, respectively, and *R* is the gas constant. The slope and intercept of the plot of ln *K~d~* versus 1/T correspond to Δ*H°*/*R* and Δ*S°*/*R*, respectively.

The Gibbs free energy, Δ*G*°, of specific adsorption is represented by the following equation: $$\Delta G^{0} = \Delta H^{0} - T\Delta S^{0}$$

The thermodynamic parameters (Δ*H°*, Δ*S°*) were shown in [Fig. 9](#fig0045){ref-type="fig"}, and the values of the heats adsorption (Δ*H°*, Δ*S° and* Δ*G°)* in the range of initial concentrations dye 50, 120 and 150 mg/L, were reported in [Table 4](#tbl0020){ref-type="table"}. The values of the three thermodynamic parameters are negative, proving that we are in the case of physical adsorption reaction, exothermic and spontaneous. The spontaneity decreases with increasing of temperature, where the adsorption of MX-3R on biomass is favourable at room temperature. This fact was confirmed by the lower removal dye concentration from the aqueous phase at 303 and 313 K.Fig. 9Curve of intra-particle model.Table 4Thermodynamic parameters.*C* (mg/L)Δ*H* (KJ/mol)Δ*S* (KJ/mol K)ΔG (KJ/mol)293303313*R*^2^50−56.493−0.183−2.769−0.9350.8970.953 ± 0.0541120−29.342−0.928−2.135−1.207−0.2780.988 ± 0.0036150−27.640−0.922−0.5990.3231.2460.996 ± 0.0009

Also notes that the disorder of the dye molecules decreases, approaching to the solid surface. These findings have been reported by the works of Karagoz et al. [@bib0230], which removes the methylene blue by activated carbon from waste biomass.

4. Conclusion {#sec0100}
=============

The biosorbent used in this study is obtained from municipal solid waste. After preparation, the biomass was applied successfully for removed the yellow procion MX-3R in aqueous solution by adsorption. The initial concentrations of the dye used are in the range of 50--150 mg/L with 50 mg of the biomass. The adsorption capacity of the dye on the biomass equal to 45.85 mg/g, it was obtained at 20 °C and pH between 2 and 3. The adsorption on biomass is favourable at room temperature. The adsorption isotherm was fitted by Langmuir equation and more better by Langmuir--Freundlich isotherm, where the theoretical adsorbed amount of MX-3R is the same as that adsorbed experimentally.

The pseudo second-order kinetic model can be successfully opted to describe the biosorption reaction of MX-3R. The intra-particle diffusion model was applied and the correlation coefficient was higher than 0.96, but the pore diffusion was not the only controlling step of the dye retention reaction.

The values of the enthalpy, entropy and Gibbs free energy changes indicate that the adsorption of MX-3R on MSW biomass is an exothermic and spontaneous process.
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[^1]: N: nitrogen; V.M: volatile matter.
